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1. Summary

We have observed the interaction of streaming ions with a stationary plasma with the aim
of studying ion acoustic turbulence, possibly involving an instability caused by velocity
shear. The ion beam source was a dc discharge in an enclosed container which could be
biased positive with respect to a second dc discharge in a main plasma chamber. The bias
controlled the ion beam velocity, which could be varied from sonic, v ~ ¢; = (kT /m;) 1/2,
to supersonic, v > c¢,. In-situ probes were used to measure the local and time-varying
plasma parameters, ion distribution functions, and unstable waves. The ion beam-plasma
instability was observed and characterized. Density fluctuations were recorded in time and
space, Fourier transformed into frequency space, and cross-correlated in space. The waves
were identified as ion sound modes and little evidence of velocity shear-induced effects
was found. The propagation of test waves and pulses, including their growth and decay, in
the presence of the instability was studied. The dependence of the growth rate on beam
energy was demonstrated. The effect of magnetizing the electrons on the level of plasma
turbulence was also investigated. Finally, the interaction of density fluctuations with
electromagnetic waves were investigated. Strong scattering of electromagnetic signals was
observed when the wave was guided by a transmission line through a turbulent plasma.
The effect was enhanced by forming a transmission line resonator and applying
frequencies on the slope of the resonance curve. The scattered signal was used to diagnose
the turbulence. As a result of the laboratory findings, a new approach is proposed to
eliminate the modulation of a high frequency signal by plasma turbulence.

We have also studied the oscillations taking place at the sheath present in the grid forming
the boundary between the ion beam source and the background plasma. By modifying the
geometry of the grid, we have shown that the oscillations are caused by the self-consistent
currents passing through the grid. These currents, consisting of electron and ion flows, are
controlled by the electrical potentials applied to the grid as well as the behavior of sources
and sinks enclosed by the grid. These findings are important because they demonstrate
that the oscillations discussed above originate from the interaction between the ion beam
and the background plasma and not from the beam injection boundary. In addition, the
findings suggest possibly uses as plasma diagnostics as well as provide an environment
where ion expansion into vacuum can be modeled.
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2. Introduction

The communication blackout with space vehicles during atmospheric reentry has been a
subject of interest since the dawn of space flight [1]. Research has demonstrated that this
problem is due to a plasma generated via mechanical processes enveloping the rapidly
moving vehicle [2]. The plasma, in accordance to general theory, acts as a barrier for rf
waves emitted by, or transmitted to, antennas located in the spacecraft. Most research to
date has treated the plasma sheath as a stationary plasma attached to the vehicle [3], and
several approaches have been suggested to remediate blackout [1]. One such method is the
use of a magnetic “window” to allow rf to cross the plasma sheath barrier [2] and some
work has recently been done in this area [4, 5] with some promise of success.

Unfortunately, little attention has been paid to other plasma issues such as, for example,
interaction of the sheath with the ambient plasma naturally present at the start of reentry.
It is well known that there are natural plasma instabilities, such as electrostatic ion
acoustic waves, present at the interface of two plasmas streaming with respect to each
other [6, 7]. These instabilities can conceivably scatter the waves that may transmit
through the near-vehicle plasma sheath. It is already known that incoming signals are
scattered by plasmas created by space vehicles [8].

The study of turbulent diffusion layers in space plasmas is difficult due to the spacecraft
motion and time variations of plasma conditions not to mention the extremely hazardous
conditions for most materials. On the other hand, scaled laboratory experiments are well
suited to investigate instabilities leading to plasma turbulence and scattering of
electromagnetic waves. For example, Thomson scattering of electromagnetic waves from
electrostatic waves is a common remote diagnostic technique in laser plasmas [9].

A related, well-diagnosed example of ion-ion streaming instabilities is the configuration
of double plasma devices [10], where two plasmas are produced with a potential
difference such that ions stream from a source plasma into a target plasma. Extensive
studies of ion acoustic instabilities, nonlinear waves, and plasma turbulence have been
performed [11, 12, 13]. However, little attention has been given to the velocity shear at the
stream boundaries in double-plasma devices, although they have been investigated in
strongly magnetized plasmas [14, 15, 16]. Recently, the influence of velocity shear has
been examined theoretically and computationally by Sotnikov et al [17] who show that
shear in the ion velocity can be significant and dominant over other wave turbulence. This
report is on work designed to create an ion beam/background plasma experiment where
such ideas could be tested.

The experimental group lead by Prof. Reiner L. Stenzel at UCLA has developed a unique
expertise on careful plasma experimentation and submitted a proposal to conduct
laboratory research on the characterization of ion acoustic turbulence in a plasma where
there could be velocity shear. Ion acoustic turbulence was created by using a small
diameter source plasma to inject ions into a larger diameter target plasma as well as
introducing barriers to the free transit of beam ions. The turbulence was characterized,
and studies on microwave scattering by the ion acoustic turbulence were undertaken.
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The scope of work was expanded to include further measurement of the observed
instabilities as well as explore other methods to introduce an external velocity shear
region. In order to advance the research, it was noted that the observed turbulence in the
ion beam could be originating at the source of the ion beam instead of due to interaction
between ion acoustic waves and the observed ion beam velocity distribution. The origin of
the ion beam, as described below, is at the boundary between a “double plasma” device
[18] and the ambient plasma. This boundary is a transparent sheath. Such sheaths are
known to oscillate [19] and it is important to know if these oscillations are not part of the
spectrum associated with the ion acoustic waves under study. Research has shown that the
oscillations at transparent sheaths between plasma regions arise because particle flows
across these boundaries are controlled by the electrical potentials between these regions.
This is a multivariate problem which has been investigated in order to understand
turbulence at plasma-wall interfaces [20, 21, 22, 23].

While the initial experiments focused on ion beams with velocity shear injected into a
stationary plasma the next research phase was concerned on creating bulk ion flows with
shear. This has been accomplished in a large discharge plasma by accelerating the plasma
with pulsed magnetic fields. The associated inductive electric field accelerates first the
electrons and then the ions via space charge electric fields. Nonuniform magnetic fields
create shear flows. No ion beam instabilities or sheath instabilities are involved. The shear
flow produces ion acoustic turbulence. Scattering experiments were started when the
funding ended. As an afterthought we proposed a method to expel plasma from the
reentry vehicle. This would open up a "window” of transparency and mitigate the
communication blackout [24].
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3. Methods Assumptions, And Procedures

3.1 Technical Approach

The research was to be conducted in Prof. Stenzel’s laboratory at UCLA. Their main
facility consists of a large (1 m diam, 2.5 m length) pulsed dc discharge plasma generated
with a 1 m diam oxide-coated cathode. The parameter regime (n, ~ 102 cm 3, kT, ~

2 eV, By =5-10 G, py >~ 0.4 mTorr Argon) is that described by electron
magnetohydrodynamics.

The work reported here was conducted in a smaller device consisting of a cylindrical
aluminum chamber of 38 cm diameter and 120 cm length. A schematic diagram of this
experimental setup is shown in Fig. 1. In order to create the flow, we accelerated ions from
a plasma source into a stationary target plasma. This technique is well established from
the “double plasma” (DP) devices [18]. The source plasma was contained in a cylindrical
stainless steel chamber of 20 cm diameter and 25 cm length. One end of the closed
cylinder had a grid for the extraction of ions. Inside the cylinder, three tungsten filaments
formed the cathode. The cylinder wall formed the anode. Insulated feedthroughs provided
the power to heat the cathode (15 V, 20 A) and the discharge current (50 V, 0.3 A). Typical
parameters for both source and target plasmas were: density of n, ~ 10° cm 3, electron
temperature k7, ~ 2 eV in Argon at a pressure of p, ~ 10~* Torr.

The source plasma was placed inside the chamber, separated by ceramic standoff
insulators. The outer cage also had a grid on one end through which the ions can flow. The
outer cylinder was also insulated from ground, which refers to the wall of the larger
chamber containing the target plasma. The source plasma was inserted coaxially into the
target chamber as shown in Fig. 2(a). The outer source cylinder was biased negatively so
as to reflect the electrons from the target plasma. This was important to establish a
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Figure 1. Schematic of the Experimental Setup for Injecting an Ion Beam into a
Background Plasma

4
Approved for public release; distribution unlimited



Figure 2. (a) Photograph of the source container (inner cylinder, end view) inside the
larger target plasma device (outer container with many flanges) (b) Side view of the
ion beam source inside the larger target plasma device. The bright light is due to the
incandescent tungsten cathode filaments. A probe is in front of the beam source

potential difference between the source and target plasma. The target plasma potential was
usually close to ground. When the source plasma potential was positive, the ions from the
source did stream into the target plasma. The ion beam velocity could be readily varied
from zero up to Mach 10.
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Figure 3. Basic plasma diagnostic and results. (a) Langmuir probe I-V characteristics
with evaluation of electron temperature, density and plasma potential. (b) Depen-
dence of density on discharge current and axial magnetic field.
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3.2 Plasma Diagnostics

The plasma parameters were diagnosed with a plane, one-sided Langmuir probe

(1 x 1 cm). The current-voltage (I-V) characteristics was displayed in real time using a
voltage ramp generator ( —20... 430 V) and a digital oscilloscope. The probe traces were
evaluated as explained in Fig. 3(a). The logarithmic plot of current vs voltage shows two
regions with linear slopes, corresponding to energetic tail electrons (6.7 eV) and colder
bulk electrons (1.5 eV). The former were due to scattered primary electrons from the
cathode (-50 V), the latter were the colder secondary electrons produced by ionization.
The “knee” in the I-V characteristics, defined by the intersection of linear fits to the
retardation and saturation regimes, was near ground potential. Given the probe size and
the electron temperature, the saturation current yielded the indicated electron density.

Figure 3(b) shows that the electron density varied linearly with discharge current. The
density also had a linear dependence with the neutral gas pressure (not shown). When a
weak axial magnetic field was applied, the primary electrons were radially confined which
enhances the ionization probability and electron density as shown. Such weak magnetic
fields, however, did not confine ions.

3.3 Generation of Ion Beams

The injection of an ion beam was accomplished by bringing two plasmas with different
plasma potentials in contact and providing a negative potential well at the interface. The
latter was accomplished with a negatively biased grid and served to prevent electrons to
pass from one plasma to the other which would have created large currents and short
circuited the plasma potential difference.

In order to verify the presence of an ion beam in the target plasma one could use an energy
analyzer or a plane Langmuir probe. For simplicity, the latter was used in the early stage
of the experiment. The principle of detecting an ion beam in the I-V characteristics of a
probe is as follows: When the probe is biased positive with respect to the plasma potential,
it is surrounded by an electron-rich sheath. The ion beam is reflected when the probe bias
exceeds the ion beam energy. The stagnation and reflection of ions inside the sheath
reduces the space charge density which expands the sheath thickness. The surface area for
electron collection increases which raises the probe current. The I-V characteristics now
exhibits two “knees”, one at the plasma potential, Virope = Vplasma> and a second one at the
beam potential, eVprope = mivizOn /2. The two knees are more easily visible in the derivative

of the probe trace, dlyrobe / dVprobe- This effect has been studied and established earlier
[25].

We inserted a plane Langmuir probe near the center of the beam injection region and
verified the presence of the ion beam. Figure 4 shows the IV characteristic of the the
probe and its derivative which exhibits a peak at the plasma potential and another at the
ion beam energy. By varying the bias of the inner discharge container, the source plasma
potential, hence ion beam energy, was varied.
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Figure 4. Identification of an ion beam from the current-voltage characteristics and
its derivative of a plane Langmuir probe.

The ion distribution function was obtained from a plane retarding-grid velocity analyzer.
It consisted of two fine-mesh grids (100 lines/inch) and a collector (1 cm?). The first grid
repelled electrons, the second discriminated the ions by their energy and the collector
collected the ion flux. The derivative of the fion — Vgrig Characteristics yielded the ion
distribution function. As with the Langmuir probe, it exhibits one peak at the plasma
potential due to the target ions and a second peak due to the ion beam from the source
plasma. The beam energy is given by the potential difference between the peaks. The ratio
of the ion beam flux and the background ion flux yields the normalized beam density. The
velocity analyzer was also radially and axially movable.

Figure 5(a) displays a set of ion velocity analyzer traces for different acceleration voltages
on the source plasma chamber. The ion current to the collector exhibits, as expected, two
steps with grid voltage, one when beam ions are collected, another one when background
ions are collected near the plasma potential (Vgig > 0). The ion beam flux is comparable
to the background ion flux. The ion beam flux does not change significantly with beam
velocity since the Bohm current from the source is constant. It is shown below that the
ion-ion beam instability had an optimum beam velocity and vanished for both slow and
fast beams.

Figure 5(b) shows the ion distribution function, obtained from a derivative of fiop Vs Verig.
The traces were smoothed because noise was introduced by the digital differentiation
process. Except for low energies (< 3 eV), the beam distribution was distinct from the
background ion population. At the injection point the beam was cold.

3.4 Wave Diagnostics

Density fluctuations and waves were detected with two rf probes. These consist of

50 Ohm semirigid coaxial cables whose center conductor protrudes about 0.5 cm from the
end of the cable. Special high temperature coax was required since the probes pass close
to the incandescent cathode filaments. The insulating material is ceramic powder. The
probes could be moved axially and radially to study wave propagation and
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Figure 5. (a) Ion velocity analyzer traces for different beam energies and (b) ion
energy distributions obtained from the derivative of the above I-V curves.
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Figure 6. Schematic picture of the microwave resonator probe for studying the scat-
tering of electromagnetic waves by density fluctuations.

cross-correlation of density turbulence.

In order to study the scattering of electromagnetic signals by density fluctuations, a
special diagnostic probe shown in Fig. 6 was used. Ideal wave scattering theory applies to
plane waves which satisfy frequency and wavenumber matching

(w1 + 0 = w3,k +ky = k3), arising from energy and momentum conservation. These
conditions are not satisfied in a bounded plasma layer around a conducting rocket body.
Likewise, plane waves were scattered by the conducting chamber wall in a bounded
laboratory plasma and established a complicated interference pattern. Since the typical
wavelength of the ion wave turbulence was on the order of 1 cm, coherent scattering
experiments would typically require 30 GHz microwaves. Such equipment was not
available and is out of the range of the present contract budget.
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A new approach was been chosen for this reason. The dominant wavenumber of the
electromagnetic wave on a parallel-wire transmission line is given by the transverse wire
spacing, not the wavelength along the line. It can be easily adapted to the wavelength of
ion acoustic waves. When the latter propagate transverse to the transmission line, the
electromagnetic wave is “scattered” or phase modulated. In order to obtain spatial
resolution along the line, the shortest dimension is that of a quarter wavelength standing
wave. At microwave frequencies, a quarter-wavelength resonator is only a few cm long.
Its resonance frequency depends on the plasma dielectric function, &,; = 1 — [@,/®]?,
i.e., on the electron density, which has earlier and elsewhere been used for density
diagnostics [26, 27, 28].

Once the resonance curve is characterized for a given base electron density, then any
density fluctuations cause shifts in the frequency peak of the resonance curve. This can be
translated into an amplitude fluctuation by tuning the detector’s frequency to either slope
of the resonance curve. Under these conditions, the collected electromagnetic signal
showed large amplitude fluctuations under the influence of the ion acoustic instability.
This is shown below and demonstrates that the microwave signal could be used to measure
the properties of the density fluctuations.

3.5 Oscillating Sheath Production

A low temperature plasma is produced by a dc discharge in a vacuum chamber of 45 cm
diam. and 150 cm length shown schematically in Fig. 7(a). The typical parameters are an
electron density n, ~ 10° cm > , electron temperature k7, ~ 2 eV, Argon pressure

p ~5x 10~* mTorr and a uniform axial magnetic field 0 < By < 20 G. Gridded spheres,
shown in Fig. 7(b, insert), are inserted into the center of the plasma. The 2.5 cm diam
sphere is made of a single sheet of fine grid (mesh size 0.25 mm, 80 % transparent). The
3.5 cm diam sphere is made of a coarser grid (mesh size 1 mm, wire diameter 0.2 mm)
which was formed by spot welding two hemispheres together. A 2 mm hole allowed the
insertion of a ceramic shaft containing a cylindrical Langmuir probe (0.13 mm diam, 3mm
length). Care was taken to avoid any other openings through which electrons could enter
the cavity. A larger cavity of rectangular shape has also been used (10 x 10 x 2 cm). It
allows to bias different portions of the grid surface separately so as to investigate gradients
in the ambient electron flux.

The grid is biased negatively which attracts ions into the sheath at the Bohm flux. If the
plasma potential of the bubble is not above that of the ambient plasma most ions enter into
the cavity. Neutralizing electrons are also supplied from the ambient plasma provided
their energy mvie,p /2 > e|Vyrig| and the grid forms an equipotential surface at Vyiq. When
the grid rejects all electrons the ions build up a large space charge layer (virtual anode)
which reflects them back into the ambient plasma and the bubble is empty. Plasma and
grid voltage can be pulsed.

Figure 8(a) shows a schematic of the typical pulsing circuit and bubble diagnostics. The
plasma parameters are measured with a radially movable Langmuir probe. An emissive
probe in the center of the bubble is used to measure the approximate plasma potential and
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Figure 7. (a) Schematic diagram of the plasma bubble experiments with typical
plasma parameters. (b) Photographs of two spherical grids with different mesh sizes
which exhibit different probe I-V characteristics. The coarse mesh leaks electrons
even when the bias should reflect all energetic electrons.

to inject electrons into the bubble to neutralize the ion space charge. The probe
diagnostics requires careful interpretation since the probe currents can modify the plasma
properties, as will be shown below. Even the ceramic probe shaft presents a perturbation
since it causes surface recombination of confined charged particles.

The grid voltage is pulsed with the switching circuit shown in Fig. 8(a). In order to
minimize capacitances to ground, the power supply consists of a charged, floating
capacitor (4000 uF,250 V). The switching circuit consist of a simple transistor switch.
The grid current is obtained from the voltage drop of a series resistor to ground. Grid
current oscillations are measured with an rf broadband transformer (100 kHz...100 MHz)
inserted close to the grid feed which minimizes stray capacitive currents.

The same switching circuit has also been used to pulse the ambient discharge plasma.
Likewise pulsed voltages have been applied to the Langmuir probe and the emissive
probe. The emissive probe requires a heater power supply which has a large capacitance to
ground. In order to prevent capacitive currents, the emissive probe (0.125 mm diam, 5 mm
length W wire) is heated with a floating battery (3 V, 2 A). For measuring floating
potentials a 10:1 oscilloscope probe (20 pF, 10 MQ) is used or a capacitive divider with a
low voltage high impedance (10! Q) op amp.

The mechanism of harmonic generation of the sheath oscillations has been investigated by
perturbing individual spectral lines. As shown in Fig. 8(b) a parallel L-C resonance circuit
has been inserted into the line feeding the grid. When tuned to the frequency of the
instability, the high impedance (Z ~ 10 k) highly suppresses the rf grid current. If the
harmonics were produced by nonlinear effects of the fundamental grid current, its
suppression should eliminate all higher harmonics. Surprisingly, any of the lines of the
instability spectrum, shown in Fig. 8(c) can be eliminated without influence on the others.
Even the fundamental line can be eliminated and the harmonics continue to oscillate.
Thus, each line is an eigenmode of the sheath rather than a nonlinear product of the

10
Approved for public release; distribution unlimited



(a) Ambient discharge plasma
P - T~

, S\ Spherical grid
/ \

Plasma Bubble

1 \
Langmuir probe 1 \ Emissive probe

\ 1
\ /
\ 7/

~ s
~ -

[y
Rf Transformer %I% gridrt

vg rid,dc

1§l

Igriddc

(b)

Resonant
Circuit

Rf Transformer

||§ ! grid,rf
T gr\d dc

-50 |

=701

-70

vaw

‘ Zf‘ ‘ ‘3f‘

uned out

\J\.J \VVJ A

-8 f (MHZ)

Figure 8. (a) Schematic setup to produce and diagnose pulsed plasma bubbles in an
ambient discharge plasma. (b) Schematic diagram of tning a parallel L — C resonance
circuit to harmonic lines of the sheath instability. (c) Logarithmic plot of the spectrum
of Iyiq ;f with multiple harmonics. Top line is the full spectrum without circuit. Below
are spectra where the high impedance circuit tunes out lines of successively higher
harmonics without affecting the other lines.

fundamental mode. This is consistent with observations in pulsed experiments where the
instability can start at the second harmonic and later excite the fundamental mode.
Furthermore, Fig. 8(c) shows that the harmonics can be larger than the fundamental mode
which also excludes harmonic generation by nonlinearity of the fundamental.
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4. Results And Discussion

4.1 Evidence of Ion Beam Plasma Instabilities

Fluctuations were observed in the electron saturation current of the Langmuir probe. The
probe was located in the center of the ion beam about 5 cm beyond the injection plane. It
was biased at a fixed potential (+24 V). The ac probe current was Fast Fourier transformed
(FFT) by the digital oscilloscope. Figure 9 displays the magnitude of the FFT for different
beam velocities.
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Figure 9. Fluctuation spectrum of the probe current in the presence of ion beams with
different velocities. The fluctuations lie in the ion acoustic branch and were created by
the ion beam. The spectrum and intensity of ion sound turbulence depended on beam
velocity: for very slow beams the noise was negligible. The amplitude was largest for
beam velocities of a few times the sound speed. The fluctuations decrease again for
very fast beams.

The fluctuations for very slow beams were negligibly small. Some sharp spectral lines
were due to external rf sources which was readily verified since their frequencies did not
depend on plasma parameters. As the beam velocity was raised, a band of noise in the
middle of the ion acoustic branch grew. The ion plasma frequency in the present
parameter regime was f,; ~ 1 MHz. For beam velocities of Mach 3 to 5, the noise
maximized and shifted to lower frequencies. Pronounced lines in the low frequency sound
spectrum developed. Further increase in beam velocity decreased the fluctuation level.

4.2 Velocity Shear Influence

Having established the existence of the instability, we then explored the influence of
spatial gradients in the beam velocity on the instability. A natural location is the edge of
the beam, as we originally proposed, but the gradient in that region likely is likely gentle.
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Figure 10. (a) Instantaneous fluctuation at edge of mica sheet (extending from r =0
to » = 4.6 cm) blocking the ion beam, (b) its power spectrum (blue), together with
the average power spectrum over many single observations (black), and (c) spatial
variation of average power spectrum as the probe is swept radially away from behind
the obstruction to the edge of the ion beam column at » = 10 cm.

Thus, we elected to also install an insulating mica sheet adjacent to the ion beam launching
assembly and thereby obstruct it. We believed that this could create a much sharper
boundary and, together with the beam’s edge region, provide a reasonable comparison.

The results of this experiment are summarized in Fig. 10. Figure 10a displays a typical
unstable waveform. By inspection, it’s spectrum is clearly not monochromatic. Obtaining
its spectrum (Fig. 10b, blue) by performing an FFT on the waveform clearly shows that
the instability consists mainly of waves whose frequency is concentrated around the ion
sound range, as previously shown in Fig. 9. This range is better displayed by obtaining an
ensemble average of the spectra, as shown by the black line in Fig. 10b, and then
sweeping the receiver probe across the beam column. The result is displayed in Fig. 10c,
where the two regions of interest are observed. First, the edge of the beam at »r = 10 cm
does not present an increase in the turbulence power spectra. There is a region of
enhancement, but this is fairly inside the beam column at r ~ 7.5 cm. The enhancement
disappears if the accelerator voltage is decreased (not shown) indicating that there must be
an optimum value for 7peam /Mplasma- The enhancement, however, is not as dramatic as
predicted by Sotnikov et al [17]. The instability is also observed to be enhanced around
the neighborhood of the obstruction’s edge (r ~ 4.5 cm). This effect persists as the
accelerating voltage is lowered, but the enhancement, while visible, is not as great as
theoretically predicted.

Given the limited scope of the work, we elected to continue to characterize the optimum
conditions leading to the instability and leave the physical details of the apparent
enhancement to future work.
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4.3 Ion Beam Properties

With increasing distance from the source, the ions underwent scattering by neutral
collisions and by turbulence created by the beam. Figure 11 shows the measured change
of ion distribution with distance from the injection point. The beam simply broadened and
decayed. This has repercussions on the ion beam instability to be shown next.

di/dv

z=5cm

Figure 11. Ion distribution function at different axial distances 7z from the beam
source. The traces were taken in 0.5 cm increments. The insert shows the ion beam
density decay. The beam decay was partly due to scattering from ion sound turbu-
lence and partly due to ion charge exchange collisions.

4.4 Propagation of Test Waves and Pulses

The beam velocity became modulated when an ac signal was superimposed on the dc
accelerator voltage (Vycc, see Fig. 1). Since the ion flux was conserved, the velocity
modulation implies a density modulation which can be detected by rf probes in the target
chamber. By employing a typical interferometry setup [29] with the ac signal acting as the
local oscillator (LO) signal and the rf probe supplying the transmitted signal (RF), a
waveform of the phase of the modulation was obtained. Figure 12 shows a test wave
excitation with a monochromatic beam modulation (f = 122 kHz). The distances z in this
figure refer to the separation between the rf probe and the grid separating the target plasma
from the beam source plasma. In the explored region, the wave propagated at the beam
velocity (~ 4 eV), hence appeared to be a supersonic ballistic space charge mode of the
beam.

A second method of beam modulation is to apply a wide frequency spectrum. This was
achieved by applying a 10 us pulse to the beam voltage instead of an oscillation at a fixed
frequency. Rather than use interferometry, it was more informative to observe the entire
density perturbation as shown in Figure 13(a). As the distance was increased, the
perturbation grew and clearly propagated away from the region of beam injection.

Figure 13(b) shows that its velocity (v ~ ¢y ~ 2 X 10° cm/s) was lower than the one
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Figure 12. Propagation of a test wave excited by a modulation of the beam velocity.
Waveforms detected in 0.5 cm axial increments showing a continuous propagation
delay. The propagation speed (v = f X A ~ 3.6 x 10° cm/s) was supersonic and close
to the beam velocity, hence the wave is a fast beam mode.

obtained from a time-of-flight diagram obtained with a monochromatic modulation [see
caption, Fig. 12]. This figure also shows that the amplitude grew with distance, which is a
property of sound wave convective instabilities. This growth, however, depended on the
beam maintaining its integrity and, as observed, the wave amplitude decayed in the region
where the beam was scattered, as mentioned above.

The beam modulation generated larger density perturbations than an instability which
grows self-consistently out of the noise. Figure 14(a) displays both the dc and ac probe
current vs time for different pulsed modulation voltages at the location of peak growth

(a) z=5cm Az=0.5cm (b)

on/n (z1)

20 Time t (us) 60 80

Figure 13. Propagation of a density pulse created by modulating the beam velocity
with a 10 us pulse. (a) Waveforms of the density perturbation in the target plasma at
different axial distances from the beam injection point. The density perturbation grew
initially, which indicates a convective instability. The perturbation decayed when the
beam was scattered. (b) Time-of-flight diagram showing the propagation velocity was
close to the sound speed, v ~ 2 x 10° cm/s.
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Figure 14. Dependence of pulse amplitude on different parameters. (a) Density per-
turbation as a function of pulse amplitude, which modulated the beam velocity. For
strong modulations the normalized density perturbation 6n/n o< 61,/(I,) could reach
30%. (b) Density perturbation at a fixed position (z = 5 cm) for different ion beam ve-
locities, showing an optimum growth when the beam velocity was slightly faster than
the sound speed.

found by inspection of Fig. 13(b). At this location (z ~ 5 cm), the normalized density
perturbation, 61, /I, 4c < 8n/n could readily reach 30%, which is a highly nonlinear sound
wave. However, this large amplitude was only obtained for an optimum beam velocity, as
shown in Fig 14(b). At this fixed position and modulation level (V15 = 5 V), the figure
shows the density perturbation peaked for a beam energy of eVpeam =~ 4 V. It is worth
noting that the beam energy was not given by the modulation voltage, Vjyise, added to the
bias voltage, V,.c. Rather, it was obtained from the difference in potential between the
beam and the plasma potentials, as indicated in Figure 5(b). These observations indicate
that neither high nor low velocity ion beams produced much growth.

@ Vi probe () (b) Vig probe (f)

™ H‘IIM"‘I‘I‘H‘IHH‘”‘““‘W‘ 1‘ \L HliH.‘,ll i L“m“\ l MH |,n‘ h mh‘l‘ J’J ‘ i
A »H\"\"\‘U“"!\H\ -

o

N
N
T

-4 1 1 1 | 0 | e
0 0.2 Time t (ms) 08 1 0 025 05 Frequency f (MHz) 1 125

Lol

Figure 15. Noise waveform (a) and spectrum (b) of the ion-beam plasma instability
(Vbeam >~ 4 €V, f,,; ~ 1 MHz). A smoothed (red) line was been added to the spectrum.
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4.5 Ion Beam-Plasma Instability

The injection of an ion beam into the background plasma created turbulence. A typical
waveform of the fluctuations in the electron saturation current of an rf probe is shown in
Fig. 15(a). It consisted of broadband noise below the ion plasma frequency

(fp,i =~ 1 MHz). The normalized fluctuation level for this unmodulated beam was
relatively small, 81, /1, 4c o< 6n/n ~ 3%. The waveform was Fast-Fourier transformed
(FFT) and is displayed in Fig. 15(b). The spectrum has a broad peak in the low frequency
regime of the ion acoustic branch. Since no other eigenmodes exist in this frequency
regime, the noise can be considered to consist of ion acoustic waves. For a sound speed of
s = (KT, /m;)"/? ~ 1.9 x 10° cm/s, the wavelength for the most unstable mode (f ~

250 kHz) was A = 0.76 cm.

Cross-correlation measurements using two identical rf probes were performed, i.e., the
product of the two probe voltages was ensemble-averaged, (V;V;). Figure 16 shows the
cross-correlation functions vs time for different axial probe separations Az. The
correlation shows a dominant peak which dies out within a few cm while shifting in time
along the beam. The average axial propagation speed was supersonic,

Az/At ~ 5 x 10° cm/s, but this may only be one component of obliquely propagating
sound waves which was in resonance with the ion beam. Two-dimensional
cross-correlation measurements could resolve the propagation direction, if desired.

The variation of the spectrum with distance along the beam was also mapped. As shown
in Fig. 17(a), the most dramatic feature was the initial amplitude growth along the beam
and the subsequent decay. With increasing distance, the spectral peak [Fig. 17(b)] shifted
to lower frequencies, that is, longer wavelengths, which have a longer decay length.
Waves and beam particles were strongly coupled since large wave amplitudes scattered the
beam ions, which in turn decreased the wave growth rate.

<V1 V2 >(t,Az)

Time t (us) 15 20

Figure 16. Cross correlation functions vs time at different axial probe separations.
The peak shifted in time indicating propagation along the beam at a velocity Az/Ar ~
5x 10° cm/s.
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Figure 17. Growth and decay of the fluctuation amplitude (a) and spectrum (b) vs

axial position.

As expected from the test wave experiments, the noise amplitude also strongly depended
on ion beam energy. In Fig. 18, the probe position was fixed at z = 5 cm and the beam
energy was varied via the acceleration voltage on the source plasma. Simultaneous
measurements of ion distribution functions and wave spectra were made and are displayed
as line and surface plots. The ion distributions [Figs. 18(a,b)] show beams with energies in
the range eVpeam = 0. .. 10 eV. However, the spectra [Figs. 18(c,d)] show two pronounced
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Figure 18. Ion distribution functions (a,b) and noise spectra (c,d) for different beam

energies.

18

Approved for public release; distribution unlimited



features: a large peak at f >~ 150 kHz and a broad lower peak near f ~ 450 kHz. The
peaks occured at different beam velocities. Higher frequencies were excited by faster
beams, lower and larger modes by slower beams. However, no significant noise was
produced for eVpeam < 2 €V or eVpeam > 15 €V. The spectral features were not due to
boundary effects since the waves died out before reaching the chamber walls.
Investigations focused on the generation of the instability are required in order to
understand these spectral features.

4.6 Pulsed Plasma Sources

The instability also depended on plasma and beam densities. The plasma density in the
target chamber was pulsed so as to observe the instability during the build-up and decay of
the background density. The source density and accelerating voltage, that is, ion beam
density, remained constant.

Figure 19(a) shows a set of traces of the electron saturation current of a 1 cm? Langmuir
probe, biased in the electron saturation region. As is natural, the probe current,
proportional to the plasma density, grew during the discharge pulse and decayed in the
afterglow. The peak discharge current depended on the number of primary electrons,
which in turn was controlled via the filament temperature. As observed, the discharge
assumed steady-state within ~ 0.5 ms and decayed on a time scale of ~ 0.3 ms.

Simultaneously, the instability was monitored by measuring the density fluctuations on the
rf probe. As displayed in Fig. 19(b), the fluctuations had an optimum beam/target plasma
density range as they vanished for both high and very low densities. For large discharge
currents, the noise existed only while the density was rising and late in the afterglow
where the density became small. At low discharge currents (75 mA), the optimum
background density, where the largest noise amplitude was observed, lasted throughout

| gis =250 mA (b)
d
' I g4is =0.25 A
\ W\},ﬂ ; h M oo

Y

=3

Afterglow
1 1

0 04 0.8 Timet (ms) 1.6 2 0 04 0.8 Timet (ms) 1.6 2

Figure 19. Ion beam-plasma instability in a pulsed target plasma. (a) Electron satu-
ration current of a plane Langmuir probe showing density rise and fall for different
peak discharge currents. (b) Density fluctuations on an rf probe showing large ampli-
tudes in the early discharge and in the afterglow where the ratio of ion beam density
to background ion density is large.
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Figure 20. Ion beam-plasma instability in a pulsed target plasma for different steady-
state source plasma densities. (a) Density fluctuations during the rise of the target
discharge for different ion beam densities, controlled by the source discharge current.
(b) Rise of plasma turbulence on ion beam density.

the discharge pulse and into the afterglow.

As the background density was lowered, the normalized beam density npeam/ Nplasma
increased which produced a stronger growth rate and larger fluctuation amplitude. The
same effect can be observed when the source density was varied. In Fig. 20, the discharge
current in the source plasma was varied while that in the target plasma was kept constant,
although still pulsed. Figure 20(a) displays the density fluctuations at the onset of the
target discharge pulse. These steadily grew as the ion beam density increases. This can
readily be noted when the rms value of the fluctuations is plotted vs discharge current and
displayed as in Fig. 20(b).

4.7 Microwave Scattering

We measured the effects of density fluctuations on the propagation of electromagnetic
waves. The most sensitive method was to match the scale length of the electromagnetic
wave to that of the ion acoustic waves. As discussed in Subsection 3.4, this was
accomplished by guiding the electromagnetic wave along a parallel wire line with spacing
comparable to the sound wavelength. The phase velocity of the electromagnetic (e-m)
wave depends on plasma density, hence the e-m wave was phase modulated. The axial
length of the line was chosen to be a quarter e-m wavelength which formed a resonant
structure when one end of the line was shorted, as schematically shown in Fig. 6. The
resonance frequency was upshifted by the dielectric constant, i.e., plasma density, as
shown in Fig. 21(a) where the rectified output of the probe is displayed as the applied
signal was swept in plasmas with slightly different densities. Thus, if the density
increases, the rectified output would decrease because the resonance curve has shifted to
higher frequency and viceversa. Hence, if the e-m frequency produced by the signal
generator is kept constant and chosen to lie on the slope of the resonance curve, a density
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Figure 21. Principle of detecting density fluctuations with a microwave resonator
probe. (a) Measured resonance curves at two different plasma densities. (b) Ampli-
tude change for a density pulse when the microwave frequency was tuned to the low
frequency side of the resonance curve (f7). (¢) Reverse sign for the amplitude change
occurs when the microwave frequency was tuned to the high frequency side of the
resonance curve (/).

fluctuation produces a large amplitude fluctuation. The sign of the fluctuation is defined
by which side of the resonance curve the selected frequency lies on. This is best shown by,
as was done in Subsection 4.4, by adding a pulse to the source plasma accelerating
voltage, which in turn produced a propagating density increase in the target plasma. When
the microwave frequency was chosen to coincide with the positive slope of the resonance
line (f = f1), the upshift of the resonance curve produced a decrease in microwave signal
on the resonator, hence a negative pulse [Fig. 21(b), pulse starts at first ]. On the other
hand, a positive pulse was observed when the microwave frequency was chosen to
coincide with the negative slope of the resonance line [ f = f>, Fig. 21(c)]. Thus, the sign
and amplitude of small ion acoustic fluctuations could be clearly identified.

In order to relate the amplitude change to the density change one has to determine the shift
of frequency with density and the slope of the resonance curve. Figure 22(a) shows the
shift of the resonance curve with density in the target plasma. The slope of the resonance
curve can be obtained from this figure. When the data is presented as a contour plot in
Fig. 22(b), following the maximum yields the slope, dn/df, displaying the relation
between discharge current and density [Fig. 3(b)]. From the slope of the resonance curve,
dV /df, and the line shift, dn/d f, one obtains the relation between amplitude and density
fluctuations, dn/dV .

We then used this scattering technique to diagnose plasma density perturbations due to
test signals and turbulent waves. First we verified the properties of test pulse propagation
obtained earlier from probe measurements. Figure 23(a) shows a family of ion velocity
analyzer traces for different beam energies. Figure 23(b) displays a corresponding contour
plot of the microwave amplitude perturbation vs time at a fixed distance from the beam
injection point. As observed before, the largest perturbation occurs for intermediate beam
energies, eVpeam =~ 4 €V, where the ion beam instability has the largest growth rate. Low
and high beam energies showed little density perturbations. Thus, the microwave
scattering measurements were entirely consistent with the earlier probe measurements.
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We then analyzed the effect of density fluctuations on the electromagnetic wave signal.
Figure 24(a) displays the resonance line in a plasma with and without magnetic field. The
observed increase in density is due to improved electron confinement but it is very clear
that the fluctuation level was greatly enhanced in the presence of a magnetic field. The
rectified microwave signal fluctuated strongly as the frequency was swept over the
resonance line.

Keeping the microwave frequency constant and tuned to the slope of the resonance curve,
we then investigated the spectrum of the microwave with a spectrum analyzer.

Figure 24(b) displays a logarithmic plot of the microwave spectrum of the signal
transmitted through the resonator. The applied signal was monochromatic, the transmitted
signal had strong sidebands due to scattering (phase modulation) by the low frequency
plasma turbulence. The same effect arises when an electromagnetic wave penetrates
through a layer of turbulent plasma around a reentry rocket.

Further scattering measurements are presented in Fig. 25 for three conditions: (a) The
incident electromagnetic wave (no plasma), (b) the spectrum in a quiescent plasma and (c)
in a turbulent plasma. The large center line is the applied signal at f = 2.3 GHz. It
appears narrower than in Fig. 24(b) but this is instrumental since the bandwidth of the
spectrum analyzer was reduced to 1 kHz to allow a display with higher resolution. The
four small lines adjacent to the main line were not due to plasma effects but picked up
extraneously. The broad sidebands were produced by density fluctuations in the plasma.

The effect of the axial magnetic field was to confine the electrons to move along By which
produced a denser plasma column along the axis of the device. The ions were not confined
by the relatively weak magnetic field. The different ion and electron motions are thought
to lead to the observed enhancement of the fluctuation levels.

The variation of noise with magnetic field is shown in Fig. 26. The waveforms [Fig. 26(a)]

05 026

0.26 A
0.2

dvzdf= | lais

25mV/MHz | W
0.16

0.1

| | |
0.04
2225 2245 Frequency f (GHz) 2305 2330773225 2245 Frequency f (GHz) 2305 2330

Figure 22. Shift of the resonance line with target plasma density. (a) Line plots show-
ing also the slope of a resonance curve. (b) Contour plot of the above lines which
yields the slope, dn/df. The absolute density fluctuations can be determined from the
slopes dV /df and dn/df.
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Figure 23. Microwave measurement of a density pulse for different ion beam energies.
(a) Ion velocity analyzer traces for different beam energies. (b) Density perturbation
measured with the microwave resonator at z = 5 cm from the beam source vs time
and beam energy. The largest growth and amplitude occurs for a 4 eV beam.
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Figure 24. (a) Resonance curves in a quiescent and a noisy background plasma. (b)
Spectrum of the microwave signal tuned to the slope of the resonance line in a noisy
plasma.

show broadband noise in the low-frequency ion acoustic branch. The amplitude

[Fig. 26(b)] increased rapidly with field strength but leveled off when the energetic
electrons became fully magnetized. The mechanism for generating this noise could be
current-driven ion sound turbulence as shown in earlier similar experiments [30].

4.8 Oscillations in Plasma Bubbles

4.8.1 Sheath Instability

The presence of an instability is readily observed in the probe and grid currents. A few
basic properties are shown here but the instability has many features which will be
described in more detail below. Since most external variables as well as diagnostic probes
modify the bubble the instability the becomes a coupled multi-parameter problem. A firm
conclusion is that the source of the instability lies in the inner sheath.
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Figure 25. Microwave spectra effected by density fluctuations. (a) Natural line width
of the microwave source. (b) Line spectrum in a quiescent plasma. (c) Line spectrum
broadened by plasma turbulence.
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Figure 26. Growth of density fluctuations with magnetic field.

Starting with the grid current, Fig. 27(a) depicts the dc and ac current for a range of grid
voltages. The grid current oscillation can be fairly monochromatic as shown by the
inserted ac waveform and spectrum. The frequency is close to the ambient ion plasma
frequency. The ac to dc current ratio can be of order 10%, but this does not represent the
fluctuation in the ion density since the ac current is mainly a displacement current, as
shown below. Frequency and amplitude depend on grid voltage as shown in Fig. 27(b).
The largest amplitude is observed for grid voltages near the discharge voltage, i.e. when
energetic electrons are prevented from entering the sphere. In this regime a subharmonic
and several harmonics are also observed. For high grid voltages which form a virtual
anode the sheath oscillates at the highest frequency and has a relatively broad bandwidth.

It can be seen that the dc current to the grid has no influence on the instability. The
instability even exists without dc grid current (Vgjg =~ —48 V). Thus a floating grid
oscillates provided it encloses a bubble. The frequency dependence on grid voltage is not
universal and can depend on grid mesh size and geometry as will be shown later.
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Figure 27. Sheath oscillations at different negative grid voltages. (a) I-V characteris-
tics of the 8 cm diam grid. Insert shows waveform and spectrum of the grid current
oscillations at the floating potential (/g 4. = 0). (b) Frequency of the sheath oscilla-
tions vs dc grid voltage.

4.8.2 Sheath Resonance

The source of the instability has been determined with movable probes. In order to also
demonstrate the sheath resonance the instability is triggered with a tone burst whose
frequency can be varied. The tone burst is applied to the discharge voltage which changes
the energy and density of the energetic electrons that can enter the bubble. The ion density

(c)
Iprobe (V) Inside Probe

I probe (f)

0.4 MHz
Inside Probe

\
f=0.55 MHz

Toneburst Ringing
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Figure 28. Excitation of the sheath oscillation with a tone burst. (a) Probe signal
inside the bubble exhibits a long-lasting ringing at the instability frequency. (b) A
probe outside the bubble observed no ringing response or instability. (c) Tone bursts
of different frequencies excite a sharp resonance in the bubble but (d) no resonance in
the ambient plasma.
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is not changed since I is nearly independent of Vg;s. The probes are biased in the ion
saturation regime. Figure 28(a,b) show the probe signals observed inside and outside the
bubble. The latter, only 5 mm from the grid, shows only the applied tone burst, while the
inner probe shows not only a much larger signal but also a long-lasting ringing whose
duration depends on frequency. When the frequency is tuned [Fig. 28(c,d)] the inside
oscillations exhibit a pronounced resonance, the outside sheath does not. The resonance
frequency is the same as the instability frequency without tone burst. Passive
measurements of the oscillation amplitude without tone burst show the same result: It is
the inside sheath which oscillates while the outside sheath is stable.

4.8.3 Scaling of Instability with Plasma Density

The instability exhibits predictable scaling only in limited parameter regimes. For
example, the density dependence was found to be f o f), but this result breaks down at
high densities where the grid becomes transparent to electrons. Figure 29(a) shows the
spectrum of Igyiq ¢ Vs density which exhibits two distinctly different modes. For low
discharge currents or large Debye lengths and a grid voltage sufficiently negative to repel
all ambient electrons, the ions are reflected at the inner grid and oscillate in a “virtual
anode” mode. Its frequency scales as mentioned earlier. For large discharge currents the
1 mm grid opening [Fig. 1(b, left picture)] is too large to form closed equipotential
surfaces such that electrons leak into the bubble. This is evident from the drop in floating
potential shown in Fig. 29(b). This “electron” mode has a fundamental frequency well
below the “virtual anode” mode and a rich spectrum of harmonics whose frequencies rise
little with density.

Vs = 50V
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Figure 29. Mode change from a virtual anode mode to a bubble volume oscillation.
(a) Spectrum of grid oscillations vs density. The grid voltage is much larger than
the discharge voltage, hence repels all electrons at low densities. But as the density
increases the Debye length becomes smaller than the grid opening and electrons enter
into the bubble which changes the spectrum and (b) lowers the potential inside the
bubble.
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4.8.4 Sheath Oscillation Discontinuities

The frequency scaling with grid voltage also exhibits sheath discontinuities. Figure 30(a)
shows a set of spectra for lyid i VS Verid,dc for different densities. The grid voltage is swept
slowly (0.5 s) which is essentially the same as steady-state conditions. The sphere is made
of fine-mesh grid which avoids the mode jump of Fig. 29. With increasing negative grid
voltage the floating potential drops to a minimum and then rises again as all electrons are
all repelled [Fig. 30(b)]. The sheath oscillates in the virtual anode mode which exhibits
several discrete frequencies that may also appear as a broadband modulation. The
frequency assumes a minimum near the potential minimum. All frequencies scale with
density as shown earlier [Fig. 30(c)].

The new feature is a gap in emission at Vgyig dc = —35 V just before the virtual anode is
formed. A positive jump in floating/plasma potential coincides with the loss of sheath
oscillations [Fig. 30(d)]. No potential changes occur in the ambient plasma. The I-V
traces of the grid indicate no density modifications in the ambient plasma. The emission
gap narrows as the density increases and eventually vanishes. The potential jump appears
to be a nonoscillatory sheath instability. As the potential rises the electron density
decreases while the ion density increases (nv = const), which leads to a further potential
rise, i.e. a runaway process whereby a thick virtual anode is produced which cannot
oscillate. Further work is needed to understand these sheath phenomena in detail.

4.8.5 Pulsed Discharges

In order to vary the electron distributions of the ambient plasma the discharge has been
pulsed. During the active discharge the electrons have two populations: Primary electrons
with energy given by the discharge voltage (20...80 V) plus the voltage drop along the
cathode filament (~ 7 V) and the bulk of secondary low temperature (2 eV) electrons
created by ionization. In the afterglow the primaries are absent and the secondaries have a
Maxwellian distribution.

Probes are usually used to measure the energy distribution, but in a bubble plasma the
restricted electron supply is easily perturbed by a probe as shown in Fig. 31. The probe is
biased to a fixed voltage and the current is recorded vs time during the discharge and
afterglow. From a family of current-voltage (I-V) traces shown in Fig. 31(a) the probe
characteristics can be constructed at different times as shown in Fig. 31(b). At the start of
the discharge (#1,1,) a relatively large population of energetic electrons is present which
passes through the grid biased at the discharge voltage. The ion current rises as the
ambient plasma is produced. In the afterglow no cold electrons can enter or leave the
bubble. When the probe is biased negatively the ion current decays slowly but when it is
biased positively the current decays faster and as more electrons are collected the decay
rate increases. The reason is that the probe depletes the electrons trapped inside the
bubble. When I-V traces are constructed in the afterglow they exhibit a negative slope.
The electron current decreases with probe voltage since the electrons are depleted faster at
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Figure 30. Bubble and instability properties as density and grid voltage are varied.
(a) Spectra of Iy;iqf VS Vg ac for different densities. (b) Floating potential and grid
current vs Vg 4 for different densities. (c) Frequency scaling with plasma frequency.
(d) Simultaneous single-shot traces of /y;q ;r and Vp,,, sShowing that a positive potential
jump coincides with the loss of oscillations. Both effects are only observed inside the
bubble.

high probe currents. Similar depletion effects have been studied earlier [31].

The probe current affects the sheath oscillations as shown in Fig. 31(c). As the density
rises the sheath oscillations start and continue well into the afterglow due to electron and
ion trapping. However, when the probe depletes the electrons (Vyrone > 0) the instability
approaches the virtual anode oscillation which has a smaller amplitude, higher frequency
and shorter duration in the afterglow. Figure 31(d) displays the spectrum of the
oscillations in the afterglow during a time interval indicated in Fig. 31(c). Since the
density decays the line width is broadened but the upshift in frequency upon electron
depletion by the probe is clearly visible.

Since the bubble plasma is starved for electrons it is easily perturbed by both electron
collection and emission. The collection of ions produces little perturbations since the ion
flow through the negatively biased grid is not restricted.

How long electrons are trapped is demonstrated in Fig. 32. Although decaying, the
oscillations in Igq ;£ are observable for at least 300 us [Fig. 32(a)]. By measuring the rf
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period at discrete intervals one obtains a plot of f(t) [Fig. 32(b)]. Since the frequency
scales proportional to the plasma frequency ,a plot of f2 is proportional to the density
decay, conveniently displayed on a logarithmic scale. The e-folding density decay inside
the bubble has a time constant T ~ 100 us which is comparable to that of the outside
plasma measured from the ion current to the grid [Fig. 32(c)]. Thus, the bubble plasma
decays at the same rate as the ambient plasma. Electrons which entered during the
discharge are confined inside the bubble. Ions can pass the grid and equalize the inside
and outside densities.
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Figure 31. Probe I-V curve inside a plasma bubble embedded in a pulsed discharge
plasma. (a) Probe current vs time for different probe voltages, showing a voltage-
dependent electron decay time short than the ion decay. It is caused by electron de-
pletion by the probe which results in a negative differential conductance, dI/dV < 0,
in the afterglow where no electrons can enter the sphere. (c) Rf waveform of the grid
current for different probe voltages. Note oscillations extend into the afterglow where
electrons are trapped inside the bubble. (d) Spectrum of the oscillations in the after-
glow [time indicated in (c)]. The line is broad since the density decays during the FFT.
The probe changes the frequency when electrons are collected.
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4.8.6 Pulsed Grid Voltage

The grid voltage controls the electron flow into the bubble. For large negative voltages the
electrons cannot enter the sphere and a large positive space charge layer develops near the
inner grid which reflects the incident ions, leaving the volume essentially empty. By
pulsing the grid voltage the growth and decay of the bubble can be observed.

Figure 33 summarizes the main observations of emptying and refilling of the bubble. In a
dc discharge the grid voltage is pulsed from 0 to Vgiq = —120 V which stops primary
electrons of energy eVgis = 50 eV from either entering or leaving the bubble. Due to the
electron trapping a large negative transient floating potential develops [Fig. 33(a)]. The
ions cannot leave the bubble while the electrons are trapped [Fig. 33(b)]. The decay is not
given by the ion transit time through the bubble but by the electron loss. Surface
recombination on the ceramic probe shafts is the major loss since neither grid nor probe
collects electrons.

One can estimate the electron decay as follows: The probe shaft is 2 mm in diameter and 4
cm long when the probe is in the center of the sphere. The probe surface area is

27 rprobelprobe == 2.5 cm?. The electron flux to a nonconducting surface equals the ion flux,
I, = I; = Apropenev. The electron current leads to a decay of the electron charge inside the
bubble, I, = (dn/dt)e(4/3)7r3 .- Thus, for v; =2 x 10° cm/s and ryypble = 4 cm, the
decay time constant is T =n/(dn/dt) = (4/3)7r} e/ (Aprobevi) ~ 0.54 ms, which agrees
with the observed decay time 7;/(dI;/dt) ~ 0.5 ms in Fig. 33(b).
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Figure 32. Sheath instability in an afterglow plasma. (a) Oscillations in the grid
current of a biased sphere whose frequency decays in time. (b) Frequency decay vs
time, f (7). Since the frequency is proportional to the plasma frequency, a plot of log fg
yields the density decay time inside the oscillating bubble. (c) The density decay of the
outside plasma, obtained from the decaying ion grid current, is comparable to the
bubble decay. Electrons are trapped in the bubble while ions flow in and out of the
bubble.
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Figure 33. Pulsed grid voltage to observe the emptying and filling of a plasma bub-
ble. (a) Grid voltage Vgrid(t) and the floating potential measured with a second probe
near the center of the sphere. Initially the floating potential approaches the discharge
voltage, indicating trapping of primary electrons. (b) Ion saturation current to a
Langmuir probe in the center of the 8 cm diam. sphere. The ions are expelled slowly
because the electrons are trapped and both specious must decay at the same rate. (c)
Oscillation in the grid current which continue as virtual anode oscillations when the
bubble is empty. (d) Time-resolved spectrum of the grid current oscillations showing
a frequency rise while the density in the bubble decreases. Thus the ion plasma fre-
quency in the bubble volume does not determine the instability frequency, but only in
the vicinity of the grid. (e) Dc ion current vs grid voltage showing an empty bubble
at large negative grid voltages. (f) Frequency and amplitude dependence of /giq .t Vs
Vgrid7dc-

The impact of 120 eV ions on the stainless steel grid does not release sufficient secondary
electrons to balance the electron losses. After about 1 ms there are no ions or electrons left
in the center of the bubble.

The instability is visible on the probe as long as there is plasma in the center of the bubble.
On the grid the oscillations continue while the bubble is empty, showing again that the
instability arises from the sheath [Fig. 33(c)]. By dividing the waveform into 50 bins, 400
samples each, and performing a fast Fourier transform (FFT) of each, a time-resolved
spectrum of Igyiq rf 1 obtained [Fig. 33(d)]. As electrons are gradually removed from the
sheath the frequency increases to that of virtual anode oscillations.

31
Approved for public release; distribution unlimited



When the grid voltage is turned off, the empty bubble refills [ > 1.7 ms, Fig. 33(b)].
Analogous to free plasma expansion into vacuum electrons and ions expand together at
the ion transit time into the sphere. The abundant electron supply from the ambient
plasma prevents the sheath from oscillating. When the electron supply is limited, e.g. by
switching the grid voltage to Vyis instead of 0, the ion flux rises slowly and linearly in time
at a rate controlled by the electron flux (not shown).

The amplitude of the grid voltage pulse has been varied in a steady-state plasma. As
shown in Fig. 33(e) the ion current in the bubble vanishes only when the grid voltage is
more negative than the discharge voltage. For smaller grid voltages the ion influx is not
inhibited by the grid voltage. A small enhancement in the ion flux is observed when the
grid begins to stagnate the primary electrons.

The spectrum and amplitude of the instability in the grid current as a function of grid
voltage are shown in Fig. 33(f). When the bubble is empty (Vgig = —100 V) the frequency
of the virtual anode oscillations has a maximum. Leaking electrons into the bubble lowers
the frequency and increases the oscillation amplitude. The frequency minimum occurs for
|Vgrid\ ~ V4is where electrons stagnate in the sheath. For small grid voltages the increase in
electron supply prevents the sheath instability.

4.8.7 Triggering the Instability

Pulsing the probe positively creates perturbations in potential and density inside the
bubble. When the trigger pulse is made as short as the instability period the growth of the
sheath instability can be observed. Transient sheath ringing effects are also generated.

Figure 34 shows the response in the grid and probe currents when a positive trigger pulse
(4+10 V peak, —20 V baseline, 1 us length) is applied to a probe in the center of the
bubble. The oscillations in the grid current for different dc grid voltages are shown in

Fig. 34(a). For |Vgiq| < Vais = 60 V low-frequency (< 100 kHz) oscillations are excited.
These are transient phenomena which die out after a few cycles. Their frequency is lowest
where the floating potential assumes a minimum or the injected ions have the largest
velocity. The period corresponds approximately to the transit time of fast ions through the
sphere. Thus the trigger pulse causes a ballistic ion signal to travel from one side of the
grid to the other, which triggers the next pulse and the process repeats but decays.

For |Vgrid| > Vgis = 60 V higher frequency (700 kHz) oscillations are excited. These also
exist at a lower level prior to the trigger pulse and continue after the pulse without
damping. They are the sheath plasma instability near the ion plasma frequency. Their
frequency and amplitude also vary with Vgq which is best seen on an expanded time scale
shown in Fig. 34(b). The instability has a large amplitude and low frequency at

Veria =~ 65 V. For |Vgrid] > Vyis the bubble is empty and the probe has no effect on the
virtual anode oscillations near the grid. The frequency dependence of the triggered
instability on Vg mirrors that of the steady-state instability [Fig. 33(f)].
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Figure 34. Triggering sheath oscillations with a short trigger pulse applied to an elec-
trode in the center of the sphere. (a) Oscillations in the grid current vs time for dif-
ferent grid voltages. For Vg < Vyis low frequency transient oscillations are excited
which decay in time. For Vg > Vg5 the high frequency sheath instability is excited.
(b) Evolution of the high frequency instability on an expanded time scale. The fre-
quency increases with |V,q| and becomes a virtual anode oscillation when electrons
cannot enter into the bubble. (¢) Contour plot of the oscillations in the probe ion cur-
rent near the inner sheath. Three different modes of oscillations can be distinguished.

The oscillations in the probe current have the same character as those in the grid current.
The contour plot of Fig. 34(c) shows low-frequency transients, the sheath instability and
virtual anode oscillations of the inner bubble sheath. Since the probe is near the grid the
virtual anode oscillations are detected, although weaker than those in Igq f showing that
the positive space charge layer extends a few mm beyond the grid. No virtual anode
oscillations are observed in the center of the bubble [Fig. 33(b)].

By comparing probe and grid signals a timing difference is observed. The low-frequency
perturbation is first seen on the probe, followed by a delayed one on the grid. Thus the
perturbation travels toward the grid and must have originated from the center or opposite
side of the sphere.
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Figure 35. Change of bubble parameters by a pulsed emissive probe. (a) Ion sat-
uration current of a Langmuir probe, bias voltage of an emissive probe and grid rf
oscillations. The initially empty bubble is filled fills with ions which are neutralized by
electrons from the emissive probe. The instability is quenched by a large electron sup-
ply. (b) Langmuir probe currents for different probe bias, collecting electrons from
the emissive probe. (c) Probe I-V characteristic at the onset of the emissive probe
pulse. The peak electron energy is close to the emissive probe voltage. (¢) Langmuir
probe characteristic after the end of the emissive probe pulse where the energetic
electrons are lost to the probe.

4.8.8 Bubble Properties with an Internal Emissive Probe

In a steady state discharge plasma an empty bubble has been established by biasing the
grid sufficiently negative to exclude all ambient electrons. Then the internal emissive
probe is pulsed negatively to study the filling of the bubble by space charge neutralized
ions. Figure 35(a) shows the ion saturation current of the Langmuir probe, the emissive
probe voltage and the grid current oscillations in time. Within the rise time of V5 the
ion current rises with an overshoot and the virtual anode instability is quenched. When
Vemfil 18 switched off the ion current decays after an initial overshoot and the sheath
oscillations start again.

Figure 35(b) shows probe traces for different probe voltages when electrons are collected.
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The emissive filament is the electron source which supplies the probe current and the
injected ion current. The current rises fast but its onset is delayed as shown in the insert of
Fig. 35(c). The delay indicates the time of arrival of ions at the center of the bubble since
without plasma the electron emission is negligibly small. The rapid rise in electron
emission causes a drop in plasma potential which leads to the decrease of ion current
during the emissive probe pulse. The I-V trace shows that the potential drops by at least
50 V when the electron current rises after turn-on. At the end of the pulse [Fig. 35(d)] the
floating potential rises within the fall time of V.51, which increases the ion current until it
drops due to the loss of neutralizing electrons. As the bubble empties virtual anode
oscillations reappear in the grid current.

The emissive filament current has been varied by changing the heater current. The ion
current into the bubble varies proportional to the emitted electron current. When the
emission is decreased the potential drop also decreases. The resulting ion current vanishes
and so does the appearance of the current overshoots. Furthermore, restricting the electron
supply restarts the sheath instability during the pulse. Its frequency is lower than that of
virtual anode oscillations, as shown in Fig. 33(d). The frequency drops with increasing
electron supply since the charge density in the sheath is reduced (Fig. 36). For the same
reason, the frequency assumes a minimum at |Vgrid| ~ V4is when external electrons
stagnate in the grid [see Fig. 30(a) or Fig. 33(f)].

The electron injection into an ion-rich sheath is complementary to the ion injection into an
electron-rich sheath which has been studied earlier [25, 32]. It lowers the charge density
in the sheath which requires the sheath to widen and/or its potential to drop.

For very low emission currents the bubble density becomes negligibly small and so does
the instability amplitude. Thus, there is an optimum emissive probe current producing the
largest oscillations as is documented in Fig. 36. The nonlinear scale for I.ng) results from
the strong temperature dependence of emission. The probe rf current amplitude can
exceed the dc ion current from which it is concluded that it is not an ion density oscillation
but a displacement current due to the oscillating plasma potential.

4.8.9 Spectra with Langmuir and Emissive Probes

A positively biased Langmuir probe modifies the emission from an emissive probe inside
a bubble. Now we show how the instability is affected by sweeping the probe voltage.

Figure 37 displays spectra of Iosiq rf VS Vprobe for different Vepg in a constant ambient
plasma. Since the probe voltage was not a linear function of time the scale of Vpope 18
nonlinear. The grid voltage is constant and sufficiently negative to keep all external
electrons from entering the bubble. lons enter the bubble with the Bohm flux. The grid
also remains negative with respect to the emissive probe so as to reflect all internal
electrons. Electrons are lost only by surface recombination with ions on insulators except
when the Langmuir probe is biased positive with respect to the emissive probe. The
electron confinement is the reason why a probe can easily perturb the electron distribution
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Figure 36. Frequency and amplitude of the sheath instability vs electron emission cur-
rent. The grid is biased so as to exclude electrons from the ambient plasma. The fre-
quency drops when electrons reduce the space charge in the sheath. A large electron
supply quenches the instability. Without electrons virtual anode oscillations remain.
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Figure 37. Spectrum of the sheath instability /4 r vs Langmuir probe voltage V,;ohe
for different emissive probe voltages, V.. The grid bias prevents electrons from the
ambient plasma to enter into the bubble. The Langmuir probe changes the amplitude
and frequency of the instability because it collects electrons from the emissive probe
which modifies the plasma potential and sheath properties. Interesting features are
multiple modes, copious harmonics and a frequency dip when V. is close to the
ambient plasma potential.

and modify the sheath instability.

Two modes of oscillations can clearly be distinguished in Fig. 37(a). Mode A arises when
the probe collects ions but no electrons. The frequency f4 is independent of Vi ohe until
the probe begins to draw electrons. Then the frequency drops and the instability is
quenched as clearly seen in Fig. 37(b). Mode A has a rich spectrum of harmonics
including odd half harmonics, nfs /2 where n = 1,2...8.
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As the probe is biased positively mode B is excited. It has a pronounced frequency
minimum when Vyope 1s close to the ambient plasma potential. Further increase of Vjope
raises the frequency toward that of virtual anode oscillations. No dip is seen when

|Veria| < |Vemsi1| and the emissive filament supplies abundant electrons.

Based on the previous investigations the probe perturbation can be explained as follows:
The emissive probe and the Langmuir probe form an anode-cathode system where the
plasma potential is determined by the anode potential. The probe raises the plasma
potential when it collects electrons. Mode B is excited because the probe depletes
electrons. The temperature-limited emission current is diverted to the probe rather than to
neutralize the injected ions.

When the Langmuir probe raises the internal plasma potential close to the external plasma
potential the ion influx is reduced. The decrease in the ion flux compared to the electron
flux lowers the frequency of the sheath instability. When the bubble plasma potential
exceeds the external plasma potential virtual anode oscillations remain.

When the emissive probe potential is reduced [Fig. 37(a-e)] the frequency of mode A and
its harmonics is reduced. As shown in Fig. 2(d) of Ref. [22], L., g decreases with Vo,
hence the injected ion current must also decrease. A lower ion density leads to a decrease
of the instability frequency.

With decreasing electron energy odd-half harmonics of mode A become abundant. They
must be the results of nonlinear sheath oscillations since their harmonics are above the ion
plasma frequency where ion acoustic waves are evanescent.

The instability depends on many parameters such as Verid, Vemfils Lemfil> Vais» Idis and Vprobes
whose coupling can produce perplexing results. We limit the parameter space by keeping
the discharge and V51 constant while varying Vrig and Vrobe. As shown in Fig. 38(a,b)
the frequency dependence on Vgiq can be completely changed by a biased Langmuir
probe. In order to explain these effects it is helpful to display the probe I-V characteristics
in Fig. 38(c) keeping however in mind that the electron branch has modified the electron
distribution.

When the probe is biased negatively [Fig. 38(a)] the lower frequency mode A is excited
with harmonics. For Vg < Vemn its frequency f4 increases with [Vgyig|. The probe traces
of Fig. 38(c, bottom) show that the ion current, which is not subject to probe errors is
nearly independent of |Vq|. Since the emission current equals the injected ion current it
must also remain constant requiring a nearly constant plasma potential for space charge
limited emission. For constant electron energy and density the electron density in the
sheath must decrease as the grid becomes more negative. Since the net space charge
density determines the oscillation frequency it increases with [Vgrig.

When Vgiig > Vel €lectrons stagnate in the sheath and the oscillation frequency assumes
its minimum. When the grid is positive with respect to the emissive probe it collects a
larger, temperature limited electron current which usually quenches the sheath instability.
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For Vprone = O the probe collects electron currents which for Vg < Vemp) are supplied by
the emissive probe and for |Vgrid| < Vyis are from the ambient plasma. Mode B is excited
whose frequency has a maximum at Vgiq 2~ Verfiy Which coincides with a minimum in the
electron current to the probe. For Vgig < Vemfii the probe electron saturation current
increases with lowering |Vgriq|, hence more energetic electrons are able to penetrate into
the sheath which lowers the frequency. The frequency also decreases when |Vyria| < Viis
since both Langmuir probe and the grid collect electrons from the ambient plasma and the
emissive probe. The penetration of electrons into the sheath lowers the oscillation
frequency until the instability is quenched by the abundance of electrons.

An alternative display is the frequency dependence on Vjope for different values of Vg
which reveals further details of the instability. Figure 39(a) displays spectra of Iysig f VS
Virobe for 10 different values of V. Mode A is excited for negative probe voltages and
mode B when the probe collects electrons. For grid voltages Vgig < Vemfi the conditions
are similar to those of Fig. 37: The neutralizing electrons are only supplied by the
emissive probe. As long as the probe collects only ions its bias hardly affects the
frequency of mode A. But when the probe starts to collect electrons the frequency of
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Figure 38. Spectrum of grid current oscillations vs dc grid voltage perturbed by Lang-
muir probe currents. (a) Spectrum /yiq ;f VS Vgriq.dc When the probe draws ions which
produces negligible perturbations. (b) /yiq (VS Vgrig, ac When the probe draws electrons,
which changes the frequency and its dependence on V4. (¢) Probe I-V characteris-
tics for different Vyiq 4. For ]Vgrid\ > Vyis the electrons are supplied from the emissive
probe, for |Vgrid] < V4is electrons from the ambient plasma also enter into the bubble.
When the Langmuir probe collects electrons the plasma potential rises with increas-
ing probe bias.
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mode A drops and the instability is quenched.

The instability reappears in mode B when the probe voltage is close to the ambient plasma
potential. Mode B exhibits a sharp dip in frequency at Vjyope = 0 irrespective of Vyig.
Since there is no enhanced electron emission it is thought that the ion inflow is reduced
when the probe pulls the plasma potential close to the ambient plasma potential.

Decreasing the grid voltage to [Vrid| = Vemfil Taises the frequency of mode B while
lowering that of mode A. The latter has been explained by the penetration of electrons into
the ion rich sheath as the potential difference between grid and emissive probe decreases.
Electrons lower the charge density which drops the oscillation frequency. The frequency
increase of mode B indicates a loss of electron flux with decreasing ’Vgrid|- Figure 37(c)
and Fig. 38(c, bottom) show that the probe current for Vjope = 0 decreases with |Vgrid ,
reaching a minimum at Vgig ~ —45 V. While the electron current decreases the ion current
slightly increases. Thus, the frequency increase in mode B is due to the increasing ratio of
ion flux to electron flux.

In the regime |Vgig| > V4is the plasma potential is determined by the injection of ions
through the grid and the emission of electrons from the hot filament and their respective
loss rates. As shown in Fig. 39(b) the floating potential becomes increasingly negative
with increasing |Vgrid’ since the electrons are trapped for Vigiig < Vemp1 while the ion flux
gradually decreases with |Vgrid| [Fig. 39(c)]. Measurements of the floating potential and
ion current are non-perturbing. But for a positive probe bias the probe raises the plasma
potential when it is the only electron sink which is the situation for mode B. Thus, the
frequency increase for mode B is due to the increased ratio of ion to electron flux [see
Fig. 39(d)] which produces an increasingly positive space charge density in the sheath and
a rising frequency of oscillations up to [Vgrid| =~ Viis. The sharp frequency dip at Vprope >~ 0
occurs when the probe pulls the plasma potential close to the ambient plasma potential
such that the ion inflow is reduced and the ion outflow enhanced. No virtual anode is
formed since neutralizing electrons are present. Few harmonics are observed when the
probe and grid collect the electrons.

Mode A is observed when the emitted electrons have no sink other than surface
recombination, provided both grid and probe are biased below V1. Although not
measurable the electron flux must decrease with ]Vgrid| for the following reason: The
emissive probe emits relative to the plasma potential which must be above but close to the
floating potential. As the plasma potential decreases with |Vq| the space charge limited
emission also drops. A dwindling emission and decreasing electron energy increases the
space charge density in the sheath which in turn results in a high oscillation frequency for
large negative grid voltages.

When the grid voltage is comparable to the emissive probe voltage the emitted electrons
stagnate in the sheath. Mode A assumes a frequency minimum and produces copious
harmonics and odd half harmonics. Thus, slow electrons in the sheath appear to be
associated with nonlinear oscillations. Previously, subharmonics have only been observed
when the sheath instability is driven by an oscillating grid voltage [33]. For
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Figure 39. Bubble plasma parameters and instability properties for different Lang-
muir probe voltages and grid voltages. (a) Spectrum of gt VS Vprone for different
Veria and fixed Ves = —50 V and Vgig = —35 V. When [Vyiq| > Vy;s the electrons in the
bubble are supplied by the emissive probe which excites mode A for negative probe
bias and mode B for probe bias Vope > Vemfil. For |Vgrid\ < Vyis electrons from the
ambient plasma enter the sphere which reverses the frequency dependence f(Vrope)-
A pronounced frequency dip occurs when the probe is biased close to the ambient
plasma potential. Copious harmonics arise when the electrons are neither collected
by the grid (Vgig < Vemfil) or probe (Vprope < Vemfin)- (b) Floating potential of the Lang-
muir probe vs grid voltage showing that the emissive probe prevents the formation of
a virtual anode. (c) Probe electron and ion saturation currents vs V4. (d) Ratio of
ion to electron current vs V4, showing a pronounced maximum when Vg >~ Ve
where mode B has a frequency maximum, mode A a minimum.

Verid 2 Vemfit = —50 V the emitted electrons are collected by the grid and/or the probe
whichever is more positive with respect to the emissive probe. Harmonics and odd half
harmonics disappear when the plasma potential is tied by electron sinks. When the probe
pulls the plasma potential close to the ambient plasma potential the rejection of ions
produces the pronounced frequency dip in mode B. There is no enhancement in the
electron current at the dip. It is noteworthy that the sheath can oscillate simultaneously at
two different frequencies not related as harmonics [see Vgrjg = —50 or =35V,

Vorobe < —20 V]. Virtual anode-like oscillations are observed for very positive probe
voltages.

Energetic electrons from the ambient plasma enter the bubble when |Vgrid| < Viis- As
|Veria| decreases the electron supply increases which raises the electron saturation current
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[Figs. 38(c, top traces) and Fig. 39(b)] and, at a constant ion flux lowers the oscillation
frequency of mode B. The instability vanishes at low |Vq| since abundant electrons
stabilize the sheath.

Mode A reappears when |Vgrig| ~ Vgis. Electrons from the ambient plasma and the
emissive probe are mainly lost on the large grid rather than the small Langmuir probe,
hence the frequency becomes independent of Viope. It slightly increases as ]Vgrid\ drops
before being quenched by the increasing ambient electron flux.

Although mode A and its subharmonic fall into the ion acoustic branch they are not
unstable sound waves but sheath instabilities. For f =200 kHz and

(KT, /m;)"/? ~ 2 x 10° cm/s the wavelengths would be A = 1 cm which have not been
observed in phase measurements. If the oscillations were due to ion transit times through
an 8 cm sphere the ion energy would have to be > 64 eV which is not possible for the
observed potential drop between ambient and bubble plasmas.

4.8.10 Electron Leakage Through Coarse Grids

As shown in Fig. 7(b), the mesh size of the grid plays an important role in determining the
electron flux through the grid. The two spheres are located in the same ambient plasma
and biased to the same negative voltage well above the discharge voltage or peak electron
energy. The Langmuir probe trace in the center of the fine-mesh grid indicates essentially
an empty bubble while that of the coarse grid shows that electrons and ions entered the
bubble. Since the grid forms a closed surface the electrons must have entered through the
mesh openings. This implies that the equipotential surfaces ¢=const are not parallel to the
grid and the potential in the center of the mesh openings is insufficient to stop primary
electrons of energy eVj;s.

The equipotential surfaces between the grid wires depend on the ratio of the Debye length
to the wire spacing. As shown in Fig. 29(a), varying the Debye length via the discharge
current modifies the bubble properties. The grid voltage is chosen well above the
discharge voltage. For low densities or large Debye lengths, electrons are rejected and the

frequency of the instability scales like the plasma frequency, f o f, o< I (}i/sz. the frequency
drops at I3is = 150 mA and at I3 >~ 200 mA harmonics appear which are signatures of
electrons in the sheath. The floating potential drops from near zero to a value of the
discharge voltage. Thus primary electrons have entered the bubble and changed the virtual
anode oscillations to a sheath instability with electrons. The mode change also affects the
instability amplitude.

Mode changes are also observed as a function of grid voltage. For a plane sheath obeying
Child-Langmuir’s law the sheath thickness scales proportional to (eVriq/kT,) 1/4 but for a
coarse grid the equipotential surfaces have a more complicated 3D geometry. A leaky grid
does not control the electron flux like a plane sheath, hence the frequency dependence on
grid voltage depends on the grid properties. Figure 40(a) displays f(Vriq) for the 3.5 cm
diam sphere. Over a wide range of 0 < |Vgig| < 100 V the grid does not change the
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Figure 40. Grid bias variation in a 3.5 cm diam. sphere of coarse mesh. (a) Spec-
trum of Viope of VS Vgrig. For |Vgrid| < 110 V the leaky grid has no control over the
electron supply, hence f=const. For |Vyiq| > 110 V the grid restricts the electron sup-
ply which increases the frequency and suppresses harmonics. (b) Floating potential
VS Vgriq showing a sharp rise at Vg5 > —110 V when the electron leakage stops.

frequency, hence has no control of the electron flux. In this regime the floating potential
decreases with grid voltage [Fig. 40(b)]. The plasma potential which is above the floating
potential also decreases as Vg becomes more negative. The reason is that the plasma
potential adjusts itself to maintain charge neutrality. With increasing |Viq| the injected
electrons have a higher energy and must be slowed down to increase their density which
requires a lower plasma potential. At the same time ions are accelerated which lowers
their density by flux conservation. The plasma potential drops until the rising electron
density matches the decreasing ion density.

When the potential in the mesh openings exceeds the discharge voltage (Vgrig < —110 V)
the electron inflow is finally suppressed, the potential rises, the frequency increases with
|Veria| and the harmonics disappear, all signs that the sheath approaches the state of a
virtual anode.

The dependence of the floating/plasma potential on Vg is also reflected in the probe
current when biased to collect electrons. It has a maximum near or above Vs, depending
on grid leakage. In an afterglow plasma the peak decreases and shifts to lower voltages as
the electron energy decays.
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Figure 41. Spectrum of /yiqf in a 2 cm diam sphere of fine mesh grid, exhibiting a
mode jump at Vg ~ —60 V. (b) Amplitude /yig ms VS Verig. The mode jump is not
caused by electron leakage through the grid.

4.8.11 Mode Jumps And Sidebands

The instability has been observed to exhibit a jump in frequency and amplitude as a
function of Vgq. Frequently a subharmonic frequency is excited which in rf driven sheaths
is explained by a nonlinear sheath capacitance [34]. The jumps could arise from several
mechanisms such as onset of grid leakage, gradients across the bubble creating different
sheaths, magnetic field effects, ionization, etc. Here we focus on the grid mesh size.

Figure 41(a) shows a mode jump observed in a 2.5 cm diam sphere made of fine mesh.
The negative grid bias reduces the electron supply which raises the frequency. At

Veria = —60 V the frequency suddenly splits from f to ' > f and to f’/2. The amplitude
also has a discontinuity [Fig. 41(b)]. The new mode f” has created a subharmonic.
Multiple harmonics of f’/2 are visible and indicate the presence of electrons in the sheath,
even when |Vgrid\ > V4gis.- Thus, at a high discharge current of 500 mA even a fine mesh
grid leaks electrons into the bubble. The mode jump occurs at B=0 hence is not due to
magnetic field effects. The mode jump also occurs in a 1 cm diam sphere, hence is not a
matter of density gradients across the sphere. There is no hysteresis with Vg4, hence it is
not an ionization effect.

A second example for mode jumping is shown in Fig. 42(a) which is obtained with the

3.5 cm diam sphere of coarse mesh in a weakly magnetized plasma. The spectrum of grid
current oscillations clearly shows a similar frequency jump at Vg9 >~ —90 V. The presence
of harmonics before and after the jump indicate continued electron leakage when

|Vgrid\ > Vyis. Just after the mode jump Fig. 42(b) shows a narrowband spectrum with
many harmonics.

A new and interesting feature arises when ]Vgrid\ > 110 V where a multitude of narrowly
spaced sidebands appears on each of the main lines. Figure 42(c) indicates that the
sideband spacing is an integral fraction of the fundamental line, typically Af/fo = 1/6.
The spacing is identical for all harmonics, hence the sidebands cannot be created by
amplitude modulation of the fundamental. The grid current has no significant low
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Figure 42. (a) Spectrum of a coarse wire sphere with mode jump and formation of
multiple sidebands. (a) /giq .t Vs f and Vg with subharmonic creation at Vg >~ —95 V.
(b-d) Spectra of Iyiq r at different V4 showing main instability, sidebands and sub-
harmonics.

frequency oscillation at Af = fy/6. In the time domain, the waveform shows a
nonsinusoidal fundamental with a nonsinusoidal beat envelope at the sideband frequency.
Subharmonic generation also occurs for the sidebands. Figure 42(d) shows that between
the first sidebands additional lines with spacing Af/ fo = 1/12 have formed.

The reason for a fixed ratio of the modulation frequency to the sheath oscillation frequency
still remains to be determined. Sidebands are not caused by acoustic eigenmodes of the
sphere since they also occur for different geometries. They are seen with and without
external magnetic field, hence are not due to magnetic effects. Sidebands are only seen for
the coarse mesh. It happens to have a ratio of wire thickness to mesh opening is 1/6. The
sheath of a coarse grid is rippled and may exhibit normal and transverse oscillations.

4.9 Recommendations

4.9.1 Further Work

The work above demonstrates that a turbulent layer will be created when ions propagate
through a stationary plasma. The turbulence has a spectrum centered about the ion sound
frequency and its reproducibility makes it possible to conduct studies on the scattering of
electromagnetic waves. As we proposed in an earlier addendum, the logical extension of
this work is to launch e-m waves and map their propagation in three-dimensional space in
order to fully describe the conversion process outlined in subsec. 3.4.
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Figure 43. Schematic picture how to eliminate the phase modulation of an electro-
magnetic wave passing through a noisy plasma.

Another research topic would be to study how the turbulence layer is affected by an
obstacle, as demonstrated in subsec. 4.2, and how it affects the scattering of e-m waves.
This area of investigation would be useful if there is a need to understand the boundary
effect on the scattering processes.

Finally, we could introduce a radially segmented anode inside the source plasma in order
to force the source ions to have a well defined difference in velocity in the manner
described, for example, by Kaneko et al [35]. Such an anode would establish a potential
difference in the separating grid that mirrors the anode geometry thus imparting different
accelerating potentials across the sheath of the grid. This would ensure that the ions
injected into the stationary target plasma have indeed a shear in velocity and should match
more closely the model depicted in Fig. 1 of Sotnikov et al’s paper [17].

4.9.2 Proposal To Ameliorate Electromagnetic Scattering Effects

The laboratory experiments suggest a new method to eliminate the modulation of high
frequency signals by plasma density fluctuations. The following method is proposed:

It was shown in Fig. 22 that the amplitude modulation of the microwave signal has
opposite signs on the rising and falling sides of the resonance curve. Thus, if one
microwave signal is applied with frequency fo+ Af, where fj is the center frequency and
Af the half width at half maximum, and a second one at fy — Af, the addition of the two
amplitude perturbations with opposite signs would cancel.

Of course, the objective is to eliminate the modulation on a single electromagnetic wave.
As schematically shown in Fig. 43, this can be accomplished by using two resonators
which are detuned, one to fo+ Af, the other to fo — Af, where fy is now the frequency of
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the incident electromagnetic wave, fe. The resonators should be oriented at right angles
around their axis so that they are not coupled. The output signals of the two resonators
have opposite amplitude polarities when perturbed by the same density modulation. In the
high frequency domain of the electromagnetic signal, the sidebands have opposite phases
upon passing through the two resonators. This is a consequence of the phase reversal when
tuning through a resonance. Thus, the addition of the two phase-modulated signals cancels
their sidebands at fer, = A finoq While the pure center frequency fep remains. This should
greatly improve the navigation accuracy when capturing a GPS signal in a noisy plasma.

4.10 ALTERNATE APPROACHES

4.10.1 Introduction

Here we propose an alternate method to produce shear flow instabilities without two ion
populations. When an ion beam passes through a stationary plasma and exceeds the ion
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Figure 44. (a) Schematic setup for producing supersonic ion flows with shear. (a) Side
view of plasma device, showing cathode and anode for producing a plasma column
(in black). An insulated wire traverses the plasma and carries a pulsed current in x-
direction. The unmagnetized ions flow are radially away from the wire at supersonic
speeds. (b) End view of the device. The rising wire current produces an opposing
inductive electric field which together with the B field around the wire causes an elec-
tron ExB drift. The ions are unmagnetized. A radial space charge electric field is
created which accelerates the ions radially outward. The ion flow is supersonic and
has shear due to the up-down asymmetry produced by the circular return current
loop. (c) Side view in the y-z plane showing the radial ion outflow from the wire dur-
ing the rise of the wire current. (d) Waveform of the wire current. Only the rise up to
Ly is considered here.
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Figure 45. Snapshot of the radial density profile and its fluctuations. The density is
proportional to the measured electron saturation current of a small Langmuir probe
at z = 5 cm from the wire. The peak in the density profile occurs at the front of the
expanding plasma. Density fluctuations arise during the ion flow (/,,,;). The flow
depletes the density at the wire and leaves a radial density gradient.

sound speed it is well known to excite an instability. When there is no background plasma
a uniform stream of plasma does not excite instabilities. However, just like in other fluids
an instability can arise if the fluid velocity exhibits a shear, i.e. the velocity varies
orthogonal to its direction. The Kelvin Helmholtz instability is an example of a shear
velocity instability.

We have previously investigated the case when an ion beam with shear passes through a
stationary background plasma. Observations showed that the shear instability was weak
compared to the ion beam-plasma instability. Thus, the effort shifted to creating a flowing
plasma without stationary ions. In this plasma ion acoustic waves grew spontaneously. We
will first describe the experimental setup, then the observation of ion acoustic turbulence
due to velocity shear.

We will conclude with describing further research plans such as microwave scattering off
the turbulence and the possible removal of a plasma layer around a reentry vehicle.

4.10.2 Experimental Setup

In order to accelerate a plasma an electric field has to be applied. However, if an electric
field is imposed on an unmagnetized plasma the electrons and ions drift in opposite
directions which creates a current-driven instability. In order to move electrons and ions in
the same direction the electrons have to be magnetized while the ions remain
unmagnetized. The electrons are accelerated by a magnetic force across the magnetic field
while the ions do not respond to the magnetic force. A space charge electric field arises
which accelerates the ions to the same drift speed as the electrons. Variations
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Figure 46. Properties of the density fluctuations in the time and frequency do-
main. (a) Fluctuations in the electron saturation current (< n,) at a fixed position
(y =0,z =5 cm) for 25 repeated shots. The expansion front (first pulse) is repetitive
while the waves have amplitude and phase fluctuations. (b) Average over the traces
in (a), showing the repetitive part of the waves. (¢) Frequency spectra of 25 repeated
traces from (a). (d) Frequency spectrum of the averaged waveform which has the
same center frequency but fewer high frequency components due to phase mixing by
averaging.

perpendicular to the drift velocity create shear and a possible instability.

Figure 44 summarizes the experimental setup. A plasma column is created by a dc
discharge between a 1 m diam oxide coated cathode and a gridded anode with about 50 V
potential difference. In a magnetic field free region a straight wire is passed across the
plasma column as shown in two side views [Fig. 44(a,c)]. An end view shows that the
wire current closes in a semicircle parallel to the chamber wall [Fig. 44(b)]. The return
current modifies the field symmetry of an infinitely straight line current, resulting in a
velocity shear. The wire is insulated and carries a large pulsed current (500 A peak,

100 ws rise time, see Fig. 44(d)).

The rising wire current creates an opposing inductive electric field which together with the
magnetic field produces a radial electron E x B drift. As the electrons drift radially away
from the wire they leave a positive space charge behind. It creates a radial space charge
electric field which accelerates the ions radially away from the wire. All ions near the wire
are drifting radially, but not at the same speed. The front ions have the highest velocity
since they have experienced the electric field for the longest time. The ions further from
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the wire are accelerated later and move slower. The radial ion flow reduces the ion density
near the wire and forms a radial density gradient. The radial flow also varies in azimuthal
direction since at the same radius the B-field above and below the wire is not identical.

4.10.3 Experimental Results

Figure 45 shows a snapshot of the radial density profile and density fluctuations. The
density is obtained from the electron saturation current of a small Langmuir probe at

x =5 cm from the wire. The peak in the density profile occurs at the front of the
expanding plasma which moves at a velocity v ~ 5 x 10° cm/us which corresponds to
Mach 15 for a sound speed of 300 m/s. Density fluctuations arise shortly after the moving
front when all ions flow out radially. The ion outflow depletes the density at the wire and
leaves a radial density gradient.

Properties of the excited waves are summarized in Fig. 46. The plasma expansion repeats
from shot to shot producing the first negative pulse in Fig. 46(a). However, the waves are
fluctuating in phase and amplitude for the 25 repeated shots shown. Thus, the waves are
not remnant oscillations excited by the expansion front. The waves must be excited by an
instability in the flowing plasma. A fraction of the waves show coherency from shot to
shot, as seen in the average of Fig. 46(b). The frequency spectra of the waveforms are
shown in Figs. 46(c,d). The spectrum peaks in the low ion acoustic branch. The averaging
reduces some high frequency components but has a similar center frequency

(f ~ 150 kHz) as the individual spectra. Thus, the propagation of the average waveform
should be similar to that of the instantaneous waves.
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Figure 47. Contours of the Fast Fourier Transform (FFT) of the density fluctuations
vs radial position , 61, . (f, z, y=0). The center of the spectrum shifts slightly due to
the radial density gradient.
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Figure 48. Contour plot of the plasma density in the half plane to the right of the wire,
located at y = 7 = 0, taken during the radial plasma expansion front whose peak is the
red contour. The density before the expansion (¢’ < 0) and outside the expansion front
are uniform and at rest. Between the wire and expansion front the plasma streams
radially outward. In this region ion acoustic waves are created. The radial flow has
an azimuthal asymmetry hence a shear, dv,/d¢ # 0.
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Figure 49. Space-time plot of the density fluctuations. The probe electron saturation
current is plotted at z=3cm vs y and time t during the rise of the wire current. First
large contour is the expansion front (v, ~ 5 X 10° ecm/us), followed by a multitude
of oscillations during the sheared ion outflow. The wave propagation is not radially
outward. The wave properties are obtained from two-probe cross correlations and
conditional averaging of probe signals.
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Figure 50. Five consecutive snapshots of averaged density fluctuations in the right
half plane of the wire. Wave contours stream from bottom and top toward the mid-
plane, forming almost field-aligned phase fronts, then propagating radially inward
and outward. Frequency (150 kHz) and wavelength (A ~ 2 cm) show that the waves
propagate near the ion sound speed, ¢, ~ 3 x 107 cm/ps.

Figure 47 displays the Fast Fourier Transform (FFT) of the density fluctuations vs radial
position, 81, 44 (f, z, y=0). The center of the spectrum shifts slightly due to the radial
density gradient. The amplitude decreases with distance since the flow velocity decreases.
Very close to the wire the amplitude also vanishes since the plasma has been expelled.

The profile of the total density in two dimensions is presented in Fig. 48 at different times.
Contour plot of the electron saturation current is shown in the half plane to the right of the
wire, located at y = z = 0. It is taken during the radial plasma expansion whose front
exhibits a crescent shaped peak (in red). The ions prior to and outside the expansion front
are at rest and uniform. Between the wire and expansion front the plasma streams radially
outward. It is in this region that ion acoustic fluctuations are created. The radial flow has
an azimuthal asymmetry hence a shear, dv,/d¢ # 0. The local ion flow velocity v in space
and time can be obtained from the continuity equation, V e (nv) +dn/dt = 0.

The density fluctuations have been measured vs position and time. Figure 49 shows the
cross-correlation between a fixed probe and a movable probe in the y-t plane at z =3 cm
from the wire. The first large amplitude which is delayed in +-y direction is due to the
radially propagating density peak. It is followed by a multitude of oscillations, part of
which propagate toward the center and part away from the center. These are the sound
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Figure 51. Contours of the plasma density profile in the y-z plane during the time
interval of wave propagation. The density profile changes slowly compared to the
time scale for wave propagation.

waves which follow the expansion front and are excited in a supersonically propagating
ion flow with azimuthal shear. The slope of the first curve yields a propagation velocity
vy~ 5 X 10° cm/us.

In order to display the wave properties in two dimensions and time a sequence of
consecutive shots of the averaged 61, s (), z) is shown in Fig. 50. The phase fronts are
roughly aligned with the magnetic field that circles around the wire located at y =z = 0.
But these waves do not propagate radially. Instead they start at the top and bottom

(y = £12 cm, z = 0), move toward the center (y = 0), from where they propagate radially
both in +z and -z direction. Thus, the unstable waves are not simply convected with the
radial plasma flow. However, the shear may produce a vortex flow of the plasma which
affects the wave propagation.

During the wave propagation time the density profile remains essentially stationary.
Figure 51 displays two density contour maps spaced apart by about one rf period. Little
change is observed in the density profile, which has therefore no significance for the wave
propagation.

4.10.4 Conclusions Of This Experiment And Suggestions For Further Work

In summary, ion sound turbulence has been observed in a supersonic plasma flow with
shear. The oscillations have been measured in time, frequency and space.

As soon as contractual support is resumed we can start to perform microwave scattering
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off the ion sound turbulence.

We can expand the correlation measurements to three dimensional space to identify the
source and mechanism of the instability.

We can lengthen the current rise time to obtain a longer duration of the plasma flow and a
wider density depletion. A microwave signal can be propagated from the outside of the
plasma toward the wire with a density depletion. If the signal penetrates through the
depleted density region the blackout problem is solved. Further details can be found in the
literature [24].
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5. Conclusions

We have conducted experiments designed to test the influence of spatial gradients on the
ion acoustic turbulence created when an ion beam propagates through a plasma containing
stationary ions. It was found that while there is enhancement on the turbulence, it is not as
significant as theoretically predicted. Understanding the physics of the observed
turbulence enhancement requires that careful experiments be conducted to explore what is
essentially wake physics.

Through the use of in situ probes, the turbulence was characterized and found to consist of
waves traveling with the ion beam with frequency centered near the local ion sound speed.
A particularly low value of beam energy was found to be an optimum condition for the
generation of strongest turbulence, while strong beams were found to generate little to no
turbulence. Large amplitude turbulence was driven when the ratio of npeam / Nplasma Was
large.

The turbulence was then diagnosed with a microwave resonator probe. The shift of the
resonance curve provided a measure of the fluctuation in density caused by the turbulence.
Using this diagnostic then provided information on the amount of electro-magnetic wave
scattering caused by the turbulence.

Although sound waves are the only low frequency modes in an unmagnetized plasma, it is
desirable to verify that the noise consists of ion sound waves. For this purpose, we
propose to use two identical probes, at least one of which is movable, and perform
cross-correlation measurements. Filtering one frequency component out of the spectrum,
the spatial correlation function yields the wavelength such that a dispersion relation @ vs k
can be determined. From probe movements in three dimensions, the k-vector components
will be obtained which specifies the direction of wave propagation [36]. By establishing
transverse gradients in the beam, the effects of velocity shear, if any, can be obtained.

This research suggests a possible method to eliminate the scattering of electromagnetic
waves that are propagating through the ion sound turbulence region, which is outlined in
the next section.

A plasma volume enclosed by a negatively biased grid forms a plasma bubble. Electrons
and ions from the ambient plasma leak into the bubble at a rate determined by the grid
bias. In steady state, charge neutrality and current closure have to be satisfied and are
established self consistently by the sheath or plasma potential. Without current sources or
sinks, the bubble draws no current from the ambient plasma. In this case the ion inflow is
balanced by an equal ion outflow which conserves particle continuity or a constant
density. The latter is determined by partial trapping of ions which is due to scattering from
the sheath for oblique incidence. Neutralizing electrons are supplied from the ambient
plasma at a rate limited by the grid bias. When the electron supply is reduced, the plasma
potential rises which limits the ion supply correspondingly. When all electrons are
prevented from entering the bubble, an ion space charge layer or virtual anode forms at the
inner sheath which reflects all ions and leaves the bubble empty. Alternatively,
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neutralizing electrons can be supplied from an internal electron source such as an emissive
probe. It supplies an electron current equal to the total ion current flowing into the bubble
which balances ion losses by surface recombination. The emission increases from space
charge limited to temperature-limited emission when the electron source is biased below
the grid potential. The emitted electrons are no longer trapped and the current closes via
the ambient plasma to ground.

The plasma potential in the bubble is observed to oscillate at frequencies below but close
to the 1on plasma frequency, creating displacement currents in the grid and probes with
constant bias. The potential oscillates uniformly throughout the bubble, hence no waves
are excited and the potential drop occurs at the inner sheath. The ambient plasma potential
does not oscillate, thus the outer sheath is stable and contains no oscillating ion bunches.
The instability frequency scales with the ion plasma frequency of the bubble sheath. The
frequency depends on the net charge density in the sheath which includes electrons. Since
the grid voltage controls the electron supply, it also determines the frequency of
oscillations. Furthermore, the grid voltage changes the plasma potential affecting the ion
density in the bubble. For increasingly negative grid bias, the frequency first decreases
with |Vgrig| since the ion density drops. It reaches a minimum for |Vgiq| ~ V4is when
energetic electrons stagnate inside the sheath. For larger |Viq|, the frequency rises and
finally approaches virtual anode oscillations. Mode jumps, harmonics and amplitude
discontinuities are also observed.

The time-dependence for creating a bubble with its instabilities has been investigated by
pulsing relevant plasma parameters. The trapping of electrons in a bubble has been
demonstrated by comparing discharge and afterglow plasmas. The instability persists
throughout the afterglow without a supply of ambient electrons. From the frequency decay
of the sheath instability, the density decay inside the bubble has been found to be
comparable to the ambient density decay.

Pulsing the grid voltage yields the time rate for filling and emptying the plasma bubble.
The rate is controlled by the lowest particle flux, which is the electron flux for highly
negative grid voltages. It is not possible to rapidly modulate the density of a bubble with
fast grid voltage pulses.

Inserting biased probes into the bubble upsets the flux balance and thereby perturbs the
plasma potential and modifies the sheath oscillations. The I-V characteristics of a
Langmuir probe develops a negative differential resistance near the plasma potential and is
not useful for diagnostic purposes. A positively biased probe can destroy the electron
trapping in an afterglow plasma and raise the instability frequency to that of virtual anode
oscillations. Pulsing the probe voltage shows that the time scale for potential relaxation
increases as the electron inflow is reduced by biasing the grid more negatively.

Using a short trigger pulse transient sheath oscillations have been excited. Low frequency
ringing has been observed for |Vgrid| < V4is and explained by transit time effects of
ballistic ions through the bubble. For [Vgriq| > Vyis sthe sheath instability has been
triggered. By comparing the potential oscillations across the sheath, the mechanism of the
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instability has been clarified. Due to the limited electron flux (/, < I;), the ions determine
the sheath potential perturbations. Due to inertia, the ions lag by 180° behind the space
charge electric field which results in the sheath oscillation. Electrons in the sheath reduce
the net space charge which lowers the frequency below the ion plasma frequency. The
frequency dependence on Vg 1s explained by the effects of electrons in the sheath.

The frequency of the instability is frequently discussed in terms of the ion transit time
through a sheath which does not address the role of electrons in the sheath [33]. Here we
take a different approach and consider the basic oscillation frequency of a charge layer in
its own space charge electric field. Ion inertia and space charge density determine the
frequency, 0> = (n; — n.)e?/m;&. The oscillation frequency depends on the net space
charge density in the sheath, which is determined by both ions and electrons. It scales
proportional to the ambient ion plasma frequency but drops below it when electrons are
present in the sheath. The electron supply is controlled by the grid voltage or other
electron sources and sinks. A decreasing electron supply raises the frequency which
reaches a maximum for virtual anode oscillations, i.e. a pure ion sheath. Vice versa, an
increasing electron supply lowers the frequency as well as the amplitude until the
instability is quenched.

The dependence of the instability frequency on grid voltage is not unique. The frequency
depends sensitively on the supply of electrons which is not only controlled by the grid
voltage but also the emission and collection of electrons by probes. In afterglow plasmas
the frequency is independent of the grid potential since it stops the flow of low energy
electrons through the grid, provided the grid mesh size is small compared to the Debye
length. Coarse grids are leaky to electrons even when the grid potential energy exceeds the
electron kinetic energy. If the electron distribution is not isotropic different parts of the
grid contribute different electron flows into the bubble which modifies the frequency
dependence with grid bias. Multiple sidebands are observed on coarse grids which have
3D equipotential surfaces and could support higher order modes of sheath oscillations.

Mode jumps are commonly observed when the electron supply is decreased. Typically a
half frequency mode with multiple harmonics is excited when |Vgrid\ ~ Vyis. Harmonics
are associated with electrons inside the sheath. Since electrons and ions respond
differently to an oscillating sheath, electric field the net current is not sinusoidal or
monochromatic. Harmonics vanish in afterglow plasmas, at the edge of a magnetized
plasma column and in virtual anode oscillations. Mode jumps are not due to the effects of
energetic electrons, magnetic fields and grid properties. It also occurs when applied
voltages are constant while plasma parameters slowly change, e.g., in afterglow plasmas.
Fine structure sidebands are predominantly observed with a coarse mesh and occur only in
limited ranges of |Vgiq|. They are beat phenomena with the same beat period 6:1 which
appears to be related to the grid structure. Virtual anode oscillations are typically bursty or
broadband since an empty bubble does not couple the locally oscillating sheath regions.

The sheath instability is in many respects similar to that observed in double plasma
devices [37, 38, 39, 33, 40, 41]. The explanations for the instability mechanism differ
widely [42, 43, 44]. Here we consider the oscillation frequency of a charge layer in its
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own space charge electric field. Ion inertia and net space charge density determine the
frequency, w? = (n; — n.)e?/m;&. The presence of electrons in the sheath lowers the
oscillation frequency below the ion plasma frequency, as observed experimentally. It is
controlled by the grid voltage or other electron sources and sinks. In general, a frequency
decrease indicates an increased electron supply or a decreased ion supply. Without
neutralizing electrons virtual anode oscillations are observed which have the highest
frequency. The strongest instability usually arises for |Veriq| >~ Vais where the entire bubble
potential oscillates, creating harmonics, subharmonics and sideband eigenmodes. These
global oscillations lock to the most unstable mode producing a fairly monochromatic
instability in spite of gradients across the grid. A large electron flux stabilizes the sheath,
as in the case of the outer grid sheath. There is no evidence for traveling potential
relaxation processes [39] or beam-plasma instabilities.

As regards applications a small bubble could be used for diagnostics of fast electrons
which produce a frequency minimum for f(Vriq) at the peak electron energy. In a larger
pulsed bubble, the expansion of ions into vacuum can be modeled. Electrostatic
confinement has been demonstrated for electrons with energy lower than given by the
negative grid voltage. The same holds for ion confinement by a virtual anode on the
outside grid when the discharge is produced inside the bubble and no neutralizing
electrons are outside the bubble. With neutralization the setup would become a Kaufman
ion source, useful for ion-surface interaction in spherical or cylindrical geometries.

Further experimental research is needed to establish the physics of harmonic and
subharmonic generation, sidebands, mode jumps and instability gaps. Wave propagation
in a bubble with trapped particles have not yet been investigated. Bubbles in rf discharges
or in dusty plasmas have neither been explored.
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